We previously reported a computational approach to infer alternative splicing patterns from Mus musculus full-length cDNA clones and microarray data. Although we predicted a large number of unreported splice variants, the general mechanisms regulating alternative splicing were yet unknown. In the present study, we compared alternative exons and constitutive exons in terms of splice-site strength and frequency of potential regulatory sequences. These regulatory features were further compared among five different species: Homo sapiens, M. musculus, Arabidopsis thaliana, Oryza sativa, and Drosophila melanogaster. Solid statistical validations of our comparative analyses indicated that alternative exons have (1) weaker splice sites and (2) more potential regulatory sequences than constitutive exons. Based on our observations, we propose a combinatorial model of alternative splicing mechanisms, which suggests that alternative exons contain weak splice sites regulated alternatively by potential regulatory sequences on the exons.
INTRODUCTION
One of the most striking discoveries of the genomic era is the unexpectedly small number of genes in the human genome, now predicted to contain roughly 35,000 genes, tens of thousands less than initially expected (Claverie 2001) . Alternative splicing plays an extremely important role in expanding protein diversity and might therefore partially explain the apparent discrepancy between gene number and organism complexity (Szathmary et al. 2001) . Approximately 40%-60% of human genes are estimated to have distinct splice variants (Modrek and Lee 2002) . The regulation of alternative splicing can involve on/off regulation of the products of particular genes and the production of alternative products with clearly separable functions, often in a cell-type-specific manner. Despite the importance of alternative splicing, the general mechanisms that regulate those alternative splicing are unknown.
Numerous studies have been reported on the consequences of single nucleotide mutations in donor and acceptor site motifs in pre-mRNA splicing. In the human ATP7A gene, for example, mutation in the invariant donor splice site of a constitutive exon causes complete skipping of the exon, which leads to severe Menke disease (Moller et al. 2000) . Similarly, information-theory-based analysis of splice sites in the human XPC gene has indicated that a strong acceptor site hosts few alternative splicing events whereas a weak acceptor site has frequent exon skipping (Khan et al. 2002) . Another recently reported study, however, has indicated that donor sites and acceptor sites themselves contain insufficient information for accurate splicing in higher eukaryotes (Lim and Burge 2001) . Therefore, in addition to splice-site strength, it is necessary to consider additional auxiliary factors for an understanding of alternative splicing regulation. SR proteins and exonic splicing enhancers (ESEs) play an important role in the regulation of alternative splicing. An SR protein binds to an ESE through its RNA-recognition motifs (RRM) and contacts the components of a spliceosome through its RS domain. In the human SMN2 gene, for example, point mutations to ESE motifs on exon 7 can disrupt an ASF/SF2 (alternative splicing factor/splicing factor 2)-dependent regulation of alternative splicing and lead to inefficient inclusion of exon 7 (Cartegni and Krainer 2002) . Although many SR-protein-binding site motifs have been identified by selective evolution of ligands by expo-nential enrichment (SELEX), the distribution of those regulatory sequences in alternative and constitutive exons has remained uncertain.
Although both splice-site strength and exonic regulatory sequences have been reported to be involved in regulation of alternative splicing, most of these studies have been performed on individual genes. Thus, it has been impossible to determine whether the reported feature is (1) specific to the reported gene, (2) specific to the reported species, or (3) universal to all species. On the other hand, large-scale bioinformatics studies have contributed greatly to a general understanding of alternative splicing. Computational and statistical analyses of human genes have identified 10 ESE motifs that all showed enhancer activity in humans (Fairbrother et al. 2002) . Another computational analysis of mouse transcriptome has identified sequence motifs enriched around the donor and acceptor sites in both constitutive and alternative exons (Zavolan et al. 2002) . Thus, large-scale bioinformatics analyses of more than 1000 genes can present a broad view of alternative splicing regulatory mechanisms.
In the present study, we have compared alternative and constitutive exons in terms of splice-site strength and frequency of potential regulatory sequences. We have applied an information-theory-based approach for computing splice-site strength, and a phylogenetic footprinting approach for predicting potential regulatory sequences. In addition, we have compared these features among mammals (Homo sapiens and Mus musculus), plants (Arabidopsis thaliana and Oryza sativa), and Drosophila melanogaster. Based on the results from this comparative analysis of alternative and constitutive exons, we have delineated a potential model for alternative splicing regulatory mechanisms.
RESULTS

Detection of putative splice variants
We detected putative splice variants by mapping full-length cDNA sequences to genomic sequences by the use of BLAST (Altschul et al. 1990 ), followed by SIM4 (Florea et al. 1998 ;  Table 1 ). H. sapiens had the largest number of introns per cDNA (6.38 introns/cDNA) whereas D. melanogaster had only 3.54 introns/cDNA. Numbers of putative splice variants detected from A. thaliana and D. melanogaster were comparatively small because redundant sequences were excluded from the data sets in the process of constructing the full-length cDNA databases for public use (Seki et al. 2002; Stapleton et al. 2002) . Because each of the five species had a sufficient number of data sets for comparative analyses, A. thaliana and D. melanogaster were included in further comparative analyses as well.
As illustrated in Figure 1 , variation in gene structure due to alternative splicing takes many different forms (McKeown 1992) . The putative alternatively spliced transcripts were classified according to the various alternative splicing patterns (Table 2) . Also, exons that were conserved across the entire transcript in splice variant clusters were detected as constitutive exons. Cassette exons were detected two-to fivefold more frequently than other patterns, including internal donor site, internal acceptor site, and retained intron. It was difficult to identify where potential regulatory sequences might exist in internal exons with different donor/acceptor sites. Because they therefore could not be compared with constitutive exons, we focused only on cassette exons for further analyses.
Comparison of splice-site strength in constitutive exons and alternative exons
First, we computed information contents on splice sites in all internal exons (constitutive and alternative exons) for all five species by use of methods from information theory (Schneider 1997) . Information content is defined as the number of choices needed to describe a sequence pattern, using a logarithmic scale in bits and can be computed from probability of each nucleotide at each position. The sequence of the splice site dictates interaction strength between spliceosome and splice site, and thus splice site Full-length cDNA and genomic DNA were used to construct data sets of putative splice variants. "Successfully mapped" column represents number of full-length cDNA that were successfully mapped to genomic DNA through the use of BLAST (Altschul et al. 1990 ) and SIM4 (Florea et al. 1998) . "Splice cDNA" column represents number of full-length cDNA that contained one or more introns. "Intron" column represents number of introns that were detected from inferred gene structure of full-length cDNA, and "Intron/cDNA" column is number of introns divided by total number of spliced cDNA. Full-length cDNA sequences were grouped into clusters, as summarized in "Clusters" column. The cluster was thought to be a "splice variant," if introns and exons had different boundaries in different transcripts.
use; information content has been suggested to be related to this interaction strength (Stephens and Schneider 1992) . Information contents of positions −13 to −8 upstream of the acceptor site were higher in mammals than in plants and D. melanogaster (Supplemental Fig. 1 , available online at http://www.bioinfo.sfc.keio.ac.jp/research/intron/). Information contents between positions +3 and +6 downstream from the donor site were higher in mammals and D. melanogaster than in plants. The chi-squared (p < 0.05, df = 8) test indicated that plants had significantly higher information contents between positions +7 and +15 downstream from the donor site than other species.
To compare splice-site strength in constitutive and alternative exons, we applied the individual information (R i ) technique. Individual information contents (R i , bits) can be computed by adding up information content of given nucleotides from individual positions, using the weight matrix generated from the frequency of each nucleotide at each position. We computed the individual information content of each individual splice site by summing information contents of positions −3 to +7 for donor sites and positions −13 to +1 for acceptor sites. All of the weight matrices and individual information contents of all splice sites are available as supplementary material online at http://www. bioinfo.sfc.keio.ac.jp/research/ intron/.
Based on the individual in- These differences in average individual information contents were further assessed with a method developed by Shapiro and Senapathy; they have developed a method to score splice-site strength, based on percentage of each nucleotide at each position (Shapiro and Senapathy 1987) . We applied Shapiro's method to positions −3 to +7 for donor sites and positions −13 to +1 for acceptor sites, computed Shapiro's score of individual splice sites, and compared the average score of splice sites in constitutive and alternative exons (Table 3) . Differences between these two Putative splice variants were classified according to the basic patterns of alternative splicing (see Figure  1 ). We focused only on cassette exons, defined as "an exon that is spliced out with neighboring introns or included in the mature mRNA," for our analysis. An exon was detected as "constitutive exon," if the exon is an "internal exon" (neither first exon nor last exon) and conserved across the entire transcript in a splice variant cluster. Numbers of constitutive and alternative exons were substantially reduced, because orthologous genes were not found in corresponding species or the exons that were not evolutionarily conserved, and those that had the different splice-site boundaries were excluded from data sets. All of the evolutionarily conserved constitutive and alternative exons are available as supplemental material online. Evolutionarily conserved alternative exons and constitutive exons in orthologous genes were aligned using CLUSTAL-W (Thompson et al. 1994) . The results of comparisons between M. musculus and H. sapiens, and O. sativa and T. aestivum (wheat) are shown in Figure 3 as distributions of nucleotide substitution rates at the 5Ј ends and 3Ј ends of evolutionarily conserved exons (constitutive and alternative). Note that data sets of constitutive and alternative exons were combined in order to see the general feature of M. musculus and O. sativa evolutionarily conserved exons. Figure 3 shows a "spike" pattern, in which nucleotide substitution rates were considerably higher at 3n bp from acceptor sites and at 3n + 1 bp from donor sites than others; this might be due to synonymous substitutions and nonsynonymous substitutions, because the length of an exon is a multiple of three in most cases (Tomita et al. 1996) . Based on this observation, we additionally drew the average nucleotide substitution rate of the position 3n, 3n + 1, and 3n + 2 of the "spikes" in Figure 3 .
In the M. musculus-H. sapiens comparison (Fig. 3A) , we observed a gradual increase of nucleotide substitution rates as the distance from boundaries of exons and introns increased. On the other hand, no such feature was seen in the distribution of nucleotide substitution rates in the O. sativa-T. aestivum comparison (Fig. 3B) . We conducted the chi-squared test (p < 0.05, df = 7) and Student's unpaired t test (p < 0.05, two-sided) to assess this observation. Both statistical tests indicated that nucleotide substitution rates in positions −25 to −5 from the donor site are significantly lower than those in positions −50 to −26 from the donor site. Although we observed a gradual in-FIGURE 2. Average individual information content of constitutive splice sites and alternative splice sites. Bars represent average individual information contents (R i ) of constitutive (black bars) and alternative (light bars) exons. Error bar represents standard error of the averages. Differences between these two averages were assessed with Student's unpaired t test (p < 0.05, two-sided). These differences were further assessed with Shapiro's method (Shapiro and Senapathy 1987) , as summarized in Table 3 . Statistical verification of our results supported our two main observations that alternative exons have significantly weaker splice sites than constitutive exons and that plants have significantly weaker splice sites than mammals.
crease of nucleotide substitution rates with distance from the acceptor site, Student's unpaired t test indicated that no statistically significant difference was observed in the nucleotide substitution rate in positions +3 to +25 from the acceptor site, in comparison with those in positions +26 to +50. Interestingly, no statistical significant differences were observed in the O. sativa-T. aestivum comparison. Exactly the same results were obtained from comparisons with cattle, pigs, and dogs for M. musculus and from comparisons with barley, maize, and rye for O. sativa (data not shown).
Comparison of potential regulatory sequences on alternative exons and constitutive exons
Constitutive exons and alternative exons were then compared in terms of nucleotide substitution rates. A Kolmogorov-Smirnov test indicated that the nucleotide substitution rates of alternative exons were significantly lower than those of constitutive exons in M. musculus (Fig. 4 ). Student's unpaired t test (p < 0.05, two-sided) verified the significantly low nucleotide substitution rates of alternative exons in M. musculus. Exactly the same feature was observed in the O. sativa-T. aestivum comparison, but the difference was not statistically significant because of the small sample size (96 data sets) of alternative exons (data not shown). Based on these results, we observed that alternative exons contain more evolutionarily conserved sequences than do constitutive exons.
Finally, we compared constitutive exons and alternative exons in terms of potential regulatory sequences on the exons. We extracted the top five candidates of potential regulatory sequences, which were observed more frequently in exons than expected (Table 4 ). In M. musculus alternative exon, some of the potential regulatory sequences overlapped each other. To further assess this observation, we combined those candidates and counted the number of longer sequences. As a result, we found five AGAAGAAG (combination of GAAGAAG and AGAAGAA), seven AAGAAGAA (combination of AGAAGAA and AAGAAGA), three AAGAAGAAG (combination of GAAGAAG, AGAAGAA, and AAGAAGA), and one GATGAAGAAG (combination of GAAGAAG and GATGAAG).
Out of 62 motifs found in M. musculus alternative exon, 21 heptamers were found between −25 and −5 from the donor site, 14 heptamers between +3 and +25 from the acceptor site, and 27 heptamers in other positions. This result might indicate that those heptamers tend to concentrate in positions −25 to −5 from the donor site, which supports our previous observation that nucleotide substitution rates in positions −25 to −5 from the donor site are significantly lower than those in positions −50 to −26 from the donor site. However, the statistical significance of this result cannot be verified, because the length of alternative exons greatly varies.
In M. musculus, purine-rich motifs were frequently observed to exist only in alternative exons, whereas only a few such motifs occurred in constitutive exons (Table 4 ). In M. musculus, constitutive exons had more than twice as many data sets (1008 exons) as alternative exons (413 exons), but a larger number of potential regulatory sequences was extracted from alternative than from constitutive exons. To compute the level of conservation of these potential regulatory sequences, we divided the number of evolutionarily conserved heptamers by the total number of heptamers observed in the exons. Notably, the level of conservation of these heptamers was larger in alternative exons than in constitutive exons, both in M. musculus and O. sativa. We observed lower splice-site strength in alternative exons than in constitutive exons (Fig. 2) . Khan et al. (2002) have reported the consequence of single nucleotide polymorphism (SNP) in the acceptor site of the human XPC gene. The polymorphism resulted in lower information content in the acceptor site, indicating that a strong acceptor site has a few alternative splicing events whereas a weak acceptor site has frequent exon skipping (Khan et al. 2002) . However, this reported characteristic of splice sites has been obtained from experimental validation of only one gene; thus, there has been no way to distinguish if this characteristic is (1) specific to the XPC gene, (2) specific to humans, or (3) universal. Here, we compared thousands of alternative exons and constitutive exons from five different species, of O. sativa. "Spike" patterns are probably due to synonymous substitutions and nonsynonymous substitutions, because the length of most exons is a multiple of three (Tomita et al. 1996) . The average nucleotide substitution rates of the bottom, middle, and upper parts of the "spikes" are drawn as slopes. Statistical tests indicated that nucleotide substitution rates in position −25 to −5 from the M. musculus donor site are significantly lower than those in positions −50 to −26 from the donor site.
and statistically verified that alternative exons have significantly weaker splice sites than constitutive exons ( Fig. 2 ; Table 3 ). Stamm et al. (1994) have created a database of alternatively spliced exons in neurons and indicated that donor site consensus (CAG|GTAAGT) is present 40% less often in neuron-specific alternative exons than in constitutive exons. This study seems to suggest that alternative exons possess weaker splice sites than constitutive exons do. However, a later study by Rogan and Schneider (1995) stated that splice-site sequences that deviate from the consensus do not necessarily produce significantly lower amounts of spliced mRNA. In contrast, the information-theory-based method does not destroy subtle details of splicesite sequences. Furthermore, the total information at the splice sites can be easily determined by use of the individual information (R i ) technique, which adds up the information from individual positions.
The individual information technique and Shapiro's method were applied to compare the splice-site strength in constitutive and alternative exons. Both methods obtained exactly the same results, that alternative exons have significantly weaker Because some of the motifs seemed to overlap to each other, we combined those candidates and counted the number of longer sequences. We found five AGAAGAAG (combination of GAAGAAG and AGAAGAA), seven AAGAAGAA (combination of AGAAGAA and AAGAAGA), three AAGAAGAAG (combination of GAAGAAG, AGAAGAA, and AAGAAGA), and one GATGAAGAAG (combination of GAAGAAG and GATGAAG). The level of conservation of these potential regulatory sequences was computed by dividing the number of evolutionary conserved heptamers by the total number of heptamers observed in the exons. Statistical tests indicated that the nucleotide substitution rates of alternative exons were significantly lower than those of constitutive exons; this result implies that alternative exons contain more evolutionarily conserved sequences than do constitutive exons. 
ends of exons are more evolutionarily conserved
We observed a gradual increase of nucleotide substitution rates with increasing distance from splice sites in both M. musculus and H. sapiens but not in O. sativa or T. aestivum (Fig. 3) . As indicated by Blanchette and Tompa (2002) , it is highly possible that those evolutionarily conserved sequences among a set of orthologous genes are potential regulatory sequences. A number of experimental studies have identified potential regulatory sequences of premRNA splicing, mostly in individual genes. Although these studies may have provided an excellent novel feature of those potential regulatory sequences, most of them have not shown where those regulatory sequences are most likely to be found. Several statistical analyses of our results validated that nucleotide substitution rates at positions −25 to −5 from the donor site are significantly lower than at other regions in the M. musculus-H. sapiens comparison (Fig. 3A) . It is reasonable to suggest that evolutionarily conserved sequences, possibly some regulatory sequences, are more likely to be found at the 3Ј end of an exon. Although we adopted the same approach and statistical validation methods in the O. sativa-T. aestivum comparison, no remarkable feature was observed in the distribution of nucleotide substitution rates (Fig. 3B) . Here, we have observed potential differences between mammals (M. musculus) and plants (O. sativa) in the distribution of evolutionarily conserved sequences, possibly including some regulatory sequences; potential regulatory sequences are more likely to be found at the 3Ј end of exons in mammals, but not in plants.
Alternative exons have more evolutionarily conserved sequences than constitutive exons
In the M. musculus-H. sapiens comparison, both the KS test and t test indicated that alternative exons contain more evolutionarily conserved sequences than constitutive exons (Fig. 4) . This observation has led to our hypothesis that alternative exons have more potential regulatory sequences than constitutive exons, because selective pressure causes functional elements to evolve at a slower rate than that of nonfunctional sequences (Blanchette and Tompa 2002) . A recent interesting finding on the evolution of alternative exons can further support our hypothesis. Modrek and Lee (2003) have indicated that the inclusion level of an exon in H. sapiens ESTs is highly correlated with that in M. musculus, and implied that the evolutionarily conserved alternative exons are similarly regulated in both organisms. This observation may further support our hypothesis that alternative exons have more potential regulatory sequences than constitutive exons; if the evolutionarily conserved exons are similarly regulated, potential regulatory sequences on the exons are more likely to be conserved as well. Modrek and Lee (2003) have also suggested that when an exon is present in the ortholog of one genome but not the other, there could be exon creation or exon loss during the evolution of that genome; thus alternative splicing is greatly associated with the exon creation and/or exon loss during the evolution. Another study by Sorek et al. (2004) has suggested that the conservation of alternative exons in more than one species suggests the functional importance of the alternative exons, in comparison with nonconserved alternative exons. We extracted evolutionarily conserved alternative exons from our M. musculus-H. sapiens comparison and our O. sativa-T. aestivum comparison; as such, those evolutionarily conserved alternative exons must have been created before the branching of M. musculus and H. sapiens or O. sativa and T. aestivum and most likely have some functional importance.
Alternative exons have more potential regulatory sequences than constitutive exons
We compiled large numbers of both constitutive and alternative exons and discovered that alternative exons have more evolutionarily conserved sequences than constitutive exons (Fig. 4) , and that alternative exons contain more purine-rich potential regulatory sequences than constitutive exons (Table 4) . It must be admitted that 13 cases out of a data set of 413 M. musculus alternative exons might be rather few. However, we believe that this small number is due to our strict requirements, that we only included the heptamers with exact matches. It is well known that although SR protein have distinct RNA-binding specificities, the consensus sequences that they recognize are rather degenerate (Graveley 2000) . As such, if we included weaker matches, the number may substantially increase. In addition, it is unlikely that those heptamers were extracted by a probabilistic chance, because we used a second-order Markov model to compute the expected value of the heptamers, and extracted the heptamers whose O/E value is greater than 1.5. Although a number of potential SR-protein-binding sites have been compiled in literature, there has been no knowledge of how those sequences are distributed between alternative and constitutive exons. Thus, it has been difficult to present a broad view of potential regulatory sequences in the regulation of alternative splicing.
In the M. musculus-H. sapiens comparison, both the KS test and t test indicated that alternative exons contain more evolutionarily conserved sequences than constitutive exons (Fig. 4) . This observation has led to our hypothesis that alternative exons have more potential regulatory sequences than constitutive exons. To assess this hypothesis, we extracted potential regulatory sequences in both alternative and constitutive exons (Table 4 ). In M. musculus, constitutive exons had more than twice as many data sets (1008 exons) as alternative exons (413 exons), but a larger number of potential regulatory sequences was extracted from alternative exons. It is also worth noting that the level of conservation of those heptamers was greater in alternative exons than in constitutive exons. Alternative exons in M. musculus contained a number of purine-rich motifs; with a few exceptions, most ESE motifs are reported to be purine rich. Notably, some of these predicted potential regulatory sequences on alternative exons have a high sequence similarity with the binding site for ASF/SF2, which is RGAAGAAC (Tacke and Manley 1995) , with the binding site for Tra2, which is GAA repeats (Tacke et al. 1998) , and with predicted RESCUE-ESE motifs, which is GAAGAA (Fairbrother et al. 2002) . Only a few purine motifs were found in constitutive exons. In O. sativa, despite the small sample size (96 alternative exons), we also observed a lower nucleotide substitution rate in alternative than in constitutive exons and a higher level of conservation of the heptamers in alternative exons than in constitutive exons (Table 4) . Based on these results, we concluded that another important factor of alternative splicing is to have more purine-rich regulatory sequences than are present in constitutive exons.
Plant-mammal comparison of various splicing regulatory factors
In our comparative analyses of plants and mammals, our two main observations were that plants have significantly higher information contents between positions +7 and +15 downstream from the donor site than other species (Supplemental Fig. 1 , available online at http://www.bioinfo.sfc. keio.ac.jp/research/intron/), and that plants have significantly weaker splice sites than mammals (Fig. 2) . McCullough et al. (1993) have suggested that the donor sites located at transition regions from GC-to AT-rich sequences are preferentially selected in the pea RBCS3A gene. Again, this reported characteristic on plant introns was obtained from experimental validation of only one pea gene; thus, there has been no way to distinguish if this characteristic is (1) specific to the RBCS3A gene, (2) specific to peas, or (3) universal in plants. Furthermore, the fundamental role of this compositional bias in plant splicing has remained unclear.
Our comparative analysis of plants and mammals may allow us to present a model for plant splicing. The higher information contents in positions +7 to +15 downstream from the donor site possibly represents the compositional bias (i.e., AT richness) of plant introns (Supplemental Fig. 1 , available online at http://www.bioinfo.sfc.keio.ac. jp/research/intron/). Also, the lower information contents of positions +3 to +6 downstream from the donor site and those of positions −13 to -8 upstream of the acceptor site possibly have resulted in weak donor and acceptor sites, respectively ( Fig. 2; Supplemental Fig. 1 , available online at http://www.bioinfo.sfc.keio.ac.jp/research/intron/). Those observations have been obtained from comparative analyses of more than 1000 splice sites from five different species, and are verified by solid statistical tests. Thus, we can suggest a model for plant splicing: Plants have a strong compositional bias in their introns to support the relatively weaker splice sites.
In addition to the strong compositional bias and weaker splice sites, we have observed potential differences between mammals (M. musculus) and plants (O. sativa) in the distribution of evolutionarily conserved sequences; we observed a gradual increase of nucleotide substitution rates with increasing distance from splice sites in M. musculus but not in O. sativa (Fig. 3) . This result might be due to a compositional bias of plant introns, that the splice sites located at transition regions from GC-to AT-rich sequences are preferentially selected in plant splicing. Also, although purine-rich motifs were found only in the alternative exons as potential regulatory sequences in M. musculus, several purine-rich motifs were found in both the constitutive and alternative exons in O. sativa (Table 4 ). This result is most likely due to the rather small sample size (96 alternative exons). However, these features of potential regulatory sequences might be potential differences between mammals and plants, because there are several plant-specific requirements for pre-mRNA splicing, such as weaker splice sites and a compositional bias in their introns.
A "weaker/more" combinatorial model of alternative splicing regulatory mechanisms Our main discoveries have been that alternative exons have weaker splice sites than constitutive exons, and that alternative exons have more potential regulatory sequences than constitutive exons. These observations raise one important question: Is the weakness of the splice sites connected to the greater potentiality for regulatory sequences? A recent experimental study reported a fascinating observation regarding this issue. Cystic fibrosis transmembrane regulator (CFTR) has an alternative exon (exon 12) whose acceptor site has a relatively weak consensus (AAG|GTATGA). Pagani et al. (2003) have shown that a point mutation at position +4 downstream from the consensus can strengthen the acceptor site, which leads the alternative exon to express constitutively. In addition, they have confirmed that a point mutation in the exonic regulatory sequence (GGATAC) of the alternative exon results in a severe splicing defect, which, surprisingly, increases the exclusion of the alternative exons from the mRNA transcript. Pagani et al.'s study indicates that both weak splice sites and exonic regulatory sequences on the alternative exon are indispensable to the Computational analyses of alternative splicing www.rnajournal.org alternative regulation of exon 12 in the CFTR gene. Once again, this excellent observation is obtained from just one individual gene and does not present a broad view of alternative splicing regulation.
We have indicated that alternative exons have (1) weaker splice sites and (2) more potential exonic regulatory sequences than constitutive exons. It is reasonable to suggest that the fundamental role of weak splice sites in alternative exons is to have the flexibility to be included or excluded from mature mRNA transcripts; if the splice sites were stronger, the exon would lose this flexibility and express constitutively. Also, such alternative exons may have more potential regulatory sequences to be regulated in a cell-type specific manner because SR proteins, which are known to bind to such regulatory sequences, also express in a celltype-specific manner. Taking together all of these observations, we propose a "weaker/more combinatorial model" as a potential model of alternative splicing regulatory mechanisms: This model suggests that alternative exons contain weaker splice sites to be regulated alternatively by more potential regulatory sequences on the exons.
We applied our weaker/more combinatorial model of alternative splicing regulatory mechanisms to M. musculus and O. sativa genes. Figure 5A illustrates the gene structure and multiple sequence alignment of the alternative exon for M. musculus immunoglobulin, conserved among M. musculus (mouse), H. sapiens (human), chicken, and cattle. Immunoglobulin is well known to function as an antibody, and has five major classes with distinct functions in immune response. We observed potential regulatory sequences of alternative splicing, AAGAAGA and AGAAGAA, both of which have been evolutionarily conserved more frequently than expected in other alternative exons of M. musculus (boxed in Fig. 5A ). As we have described above, the purinerich motif AGAAGAA has remarkably high sequence similarity with the binding site of ASF/SF2. In addition, information contents of the donor site (9.02 bits) and acceptor site (−1.30 bits) in the alternative exon are lower than those of the donor site (10.42 bits) and acceptor site (9.98 bits) in the adjacent constitutive exons.
Figure 5B illustrates another example, the O. sativa a1 gene for plasma membrane H+ ATPase, which is known to be involved in many physiological functions, and acts as a primary transporter by pumping protons out of the cell and creating pH and electrical potential differences across plasmalemma (Michelet and Boutry 1995) . As illustrated in Figure 5B , the alternative exon is conserved among O. sativa, T. aestivum (wheat), and sorghum. Likewise, the evolutionarily conserved region contains ACAAGCT, which has been conserved more than expected in other alternative exons of O. sativa. Additionally, the alternative exon has weaker splice sites, 2.53 bits for the donor site and 8.19 bits for the acceptor site, than the adjacent constitutive exons, which have 5.73 bits for the donor site and 9.96 bits for the acceptor site.
Our large-scale comparative analyses and statistical validation of more than 1000 alternative exons have provided substantial evidence for our weaker/more combinatorial model of alternative splicing regulation. Taking together all the observations above and solid statistical validations of our results, we can conclude that alternative exons contain weaker splice sites in order to be regulated alternatively by potential regulatory sequences, which are found more frequently in alternative exons than in constitutive exons.
For the past several years, the regulatory functions of many splicing regulatory sequences in individual genes have only been anecdotally reported. We have applied, for the first time, comparative analyses of various transcriptomes to delineate a potential model of alternative splicing regulatory mechanisms. Our bioinformatics approach may thus represent the best model for transcriptome analysis of alternative splicing.
MATERIALS AND METHODS
Detection of putative splice variants
All of the acquired data sets and database URLs are listed in Table  5 . We used full-length cDNA and genomic DNA to construct data sets of putative splice variants and infer complete gene structures. For the past several years, expressed sequence tags (ESTs) have been the most effective materials for estimating the frequency of alternative splicing and detecting novel candidates for alternatively spliced genes (Mironov et al. 1999 ). However, a recent study by Sorek and Safer (2003) showed how a highly contaminated EST library causes incorrect inference of an enormous number of new splice variants; hence, we used much more desirable material, full-length cDNA sequences, for detecting putative splice variants (Kochiwa et al. 2002) .
Mapping the full-length cDNA of complete genomic sequences was performed through the use of BLAST (Altschul et al. 1990 ), followed by SIM4 (Florea et al. 1998) . Clones were successfully mapped if the e-value was lower than E-100. Based on the roughly determined location of each of the clones on the genomic sequences, SIM4 was used to find the exact location and complete gene structure of each clone. Clones were excluded from further analysis if any of the exons had lower than a 90% match or if internal regions were not correctly mapped. Full-length cDNA sequences were grouped into the same cluster if they were mapped in the same orientation and if their genomic mappings overlapped. Of these clusters, single-exon-derived transcripts, alternative promoters, alternative terminal exons, and simple redundant clusters (clusters with no variation of any patterns) were excluded from further analysis. If introns and exons had different boundaries in different transcripts, the cluster was thought to be a "splice variant". Mapping and clustering results are shown in Table 1 .
Because it is difficult to identify where potential regulatory sequences exist in exons with different donor/acceptor sites and thus impossible to compare them with constitutive exons, we focused only on cassette exons for our analysis (Table 2) ; we defined an alternative exon as a "cassette exon" and a constitutive exon as "an internal exon that is conserved across the entire transcript in a splice variant cluster".
Information content of constitutive and alternative splice sites
Information content on splice sites was calculated based on Shannon's information theory (Stephens and Schneider 1992) . We computed the "uncertainty" at a position by the following equation:
where f(b, l) is the probability of base b at position l. To compare the average information contents of constitutive and alternative splice sites, we applied the individual information (R i ) technique (Schneider 1997) . We first generated an individual information weight matrix from the frequencies of each nucleotide at each position for each of five species. All of the weight matrices are available as supplemental online material. The individual information weight matrix can be calculated by the following equation:
The information content of each individual splice site was calculated by summing R iw (b,l) of the specified positions. We added R iw (b,l) of positions −3 to +7 for donor sites, because information contents were observed to be saturated downstream from position −3 and upstream of position +7 (Supplemental Fig. 1 , available online at http://www.bioinfo.sfc.keio.ac.jp/research/intron/). Similarly, we summed R iw (b,l) of positions −13 to +1 for acceptor sites to observe the potential differences between plants and mammals downstream from position −13, and because information contents seemed to be saturated downstream from position +1 (Supplemental Fig. 1 , available online at http://www.bioinfo.sfc.keio.ac. jp/research/intron/). All individual information contents of all splice sites are available as supplemental online material. Using the information contents of each individual splice site, we then computed the average individual information content of alternative and constitutive splice sites (Fig. 2) . Differences between these two averages were assessed with Student's unpaired t test (p < 0.05, two-sided).
Shapiro's score of constitutive and alternative splice sites Shapiro and Senapathy (1987) have developed a method to score the strength of a splice site based on percentages of each nucleotide at each position. Shapiro's score of donor site is 100 * (t − min)/ (max − min), where t is the sum of percentages at positions −3 to +7, min is the sum of the lowest percentages at positions −3 to +7, and max is the sum of the highest percentages at positions −3 to +7. On the other hand, Shapiro's score of acceptor site is 100 * ((t1 − l1)/(h1 − l1) + (t2 − l2)/(h2 − l2))/2, where t1 is the sum of the best 8 of 10 percentages at positions −13 to −4, l1 is the sum of the lowest 8 of 10 percentages at position −13 to −4, h1 is the sum of the highest 8 of 10 percentages at positions −13 to −4, t2 is the sum of percentages at positions −3 to +1, l2 is the sum of the lowest percentages at positions −3 to +1, and h2 is the sum of the highest percentages at positions −3 to +1.
All of the weight matrices and individual information contents of all splice sites are available as supplemental online material.
Prediction of potential regulatory sequences in alternative exons
Phylogenetic footprinting is one of the well-known approaches to predicting regulatory sequence, by which unusually well-conserved sequences among a set of orthologous genes are extracted as candidates for functional regulatory elements (Blanchette and Tompa 2002) . This method has been broadly applied to predict potential regulatory sequences, including novel functional sequence motifs in the promoter region (Cliften et al. 2003) and transcription factor binding sites (McCue et al. 2002) . To collect orthologous genes, we retrieved cattle, dog, human, and pig genes for M. musculus and barley, maize, and wheat for O. sativa. (Note from Fig. 5 that we used an additional species, chicken for M. musculus and sorghum for O. sativa, for multiple sequence alignment in our examples.) We mapped all M. musculus and O. sativa full-length cDNA clones to TIGR gene indices (http:// www.tgi.org/tdb/tgi/) by use of BLAST (E-value: E-50 or less). We then extracted evolutionarily conserved alternative exons and constitutive exons in orthologous genes and aligned the extracted exons using CLUSTAL-W (Thompson et al. 1994) . Using the alignment data, we computed the nucleotide substitution rate at each position for all exons (constitutive + alternative). Both a reasonable amount of evolutionary distance and a sufficient number of data sets are necessary to apply a phylogenetic footprinting approach to prediction of functional regulatory sequences; hence, we chose M. musculus-H. sapiens and O. sativa-T. aestivum (wheat) comparisons, which had the largest number of evolutionarily conserved exons available for both alternative and constitutive exons. To access the differences in the distribution of nucleotide substitution rates (Fig. 3) , we first divided an exon into four regions: positions +3 to +25 from the acceptor site, positions +26 to +50 from the acceptor site, positions −50 to −26 from the donor site, and positions −25 to −5 from the donor site. We excluded positions +1 and +2 from the acceptor site and −4 to −1 from the donor site to avoid possible bias of splice-site consensus sequences. The expected rate of nucleotide substitutions was computed by calculating the average nucleotide substitution rates at all regions. In addition, Student's unpaired t test was conducted to average the nucleotide substitution rates in given regions to further validate our observations.
We then compared the nucleotide substitution rates per exon and performed a Kolmogorov-Smirnov test and Student's unpaired t test to see if any differences existed between the nucleotide substitution rate histograms for constitutive and alternative exons (Fig. 4) ; the level of significance was p < 0.05 (two-sided). Noting that alternative exons contain more conserved sequences, we extracted the evolutionarily conserved sequences whose lengths ranged from 7 bp to 20 bp from the alignment results of alternative exons and constitutive exons. Maximum length was set to 20 bp to avoid extracting false positives from unusually long conserved sequences. The minimum length was set to 7 bp because known exonic splicing enhancer motifs, identified experimentally, have an average length of approximately 7 bp.
We then computed the expected value of all possible combinations of 7-bp motifs in the extracted sequences. To consider codon bias in the coding region, we used a second-order Markov model and computed the expected value by the following equation: expected number of GATCATC was n(G) * p(T|GA) * p(C|AT) * p(A|TC) * p(T|CA) * p(C|AT), where n(G) is the number of nucleotide Gs and p(C|AT) is the probability that nucleotide C comes after dinucleotide AT. The five most frequently observed sequence motifs were extracted as candidates for potential regulatory sequences for alternative splicing. To compute the level of conservation of these potential regulatory sequences, we divided the number of evolutionarily conserved heptamers by the total number of heptamers observed in the exons. For example, heptamer CTGGAGC was observed in 23 M. musculus alternative exons, 13 of which are perfectly conserved in H. sapiens; the level of conservation of the heptamers was 13/25, which is 56.5%.
